Dedicated to Prof. W . Müller-Warmuth on the occassion of his 65th birthday Recently, 31P two-dimensional (2D) NMR has been proposed as a powerful tool for direct investigations of the connectivities between the Q" units in glasses, i.e. the medium-range order. In this paper, the principles of these experiments and applications to both polycrystalline Mg2P20 7 and a Na20 -P 2C>5 glass are demonstrated, including a theoretical description and modelling of the polarization transfer between the two inequivalent phosphorus sites in the magnesium pyrophos phate.
Introduction
NMR is a powerful tool for structural investiga tions of glasses and other disordered solids. In partic ular 29Si and 31P MAS NMR (MAS: Magic Angle Spinning) provide the opportunity to determine the distributions of silicon and phosphorus over the vari ous Q" units (n: number of bridging oxygen atoms between like Si04 or P 0 4 units [1] ) forming the net work of a glass. One-dimensional (1 D) MAS NMR has been applied to a variety of different glass systems and ceramics in order to investigate e.g. the influence of different sorts of cations on the micro structure of the material or to check the applicability of the binary or random modified network models of the distribu tions of the Q" groups [2] [3] [4] [5] [6] [7] [8] .
However, despite the success of such 1D NMR in vestigations for the structural analysis of amorphous materials, they cannot yield direct information about the medium range order in such solids, especially about the connectivity scheme between the various Q" groups in the network. On the other hand, two-dimensional (2D) Exchange NMR [9] can yield such infor mation directly and quantitatively. It is based on the same principle as the 2D nuclear Overhauser tech niques employed for structural elucidation in biopolymers [9] , where different structural units are identified by their chemical shifts, whereas their proximity is Reprint requests to Dr. C. Jäger.
probed by magnetization exchange mediated by the dipole-dipole coupling.
The experimental details of the 2D Exchange NMR experiments are described in detail in Section 2. The procedure for describing the magnetisation transfer in two spin-systems with both anisotropic chemical shift effects and dipolar broadening is briefly outlined in Section 3. Experimental and theoretical results for Mg2P 20 7 are compared in Section 4. Finally, an ap plication of this technique for probing the connectiv ity scheme in 36 mole% Na20 -6 4 mole% P2O s glass is shown (Section 5).
Experimental Details Two Dimensional Experiments
In order to prove connectivities directly by NMR one has to establish a magnetisation transfer between the phosphorus nuclei in adjacent (directly bonded) P 0 4 units. This can be achieved using either the ./-coupling or the dipolar coupling between the nuclei. Multidimensional NMR experiments using the ./-cou pling are commonplace of the art in liquid state NMR [9] . However, in solid state NMR only few examples have been published so far for 29Si NMR of inorganic materials such as zeolites and glasses [10] [11] [12] . For nuclei with high natural abundance (e.g. 31P) it is much easier to exploit the dipole-dipole coupling. For phosphorus in a P-O-P moiety the dipolar broaden-0932-0784 / 95 / 0200-0117 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72027 Tübingen (a) lM=n*tR Fig. 1 . 2D Exchange NMR pulse sequence used for the ex periments. High speed MAS is applied throughout the entire experiment. The narrow rectangles denote 90° pulses whereas in the mixing time rotor synchronized 180° pulses (double sized rectangles) are applied for recoupling of the dipolar interaction. The delays td before and after the mixing time are inserted to destroy transverse magnetization and were cho sen to be 50 ms.
ing can be estimated to about 1 kHz in a powder, compared with some ten Hertz or even less for the ./-coupling of such bonds.
The pulse sequence is essentially the same as for 2 D Exchange NMR widely applied in liquid and solid state NMR [9, 13] and is shown in Figure 1 . Through out the experiment high-speed MAS is applied. This ensures high resolution NMR spectra both in the cox and co2 dimensions of the 2D NMR spectrum. Since MAS averages out the dipolar interaction, it must be recoupled during the mixing period tm to ensure the necessary magnetization transfer. It should be noted that this magnetization transfer by spin diffusion is different from physical exchange which is associated with material transport. There are several approaches [e.g. 14-18] to achieve the recoupling. We have chosen a rotor synchronized irradiation of one 180° pulse in the middle of a single rotor period [14] which has been shown to be an efficient method for recoupling of the homonuclear dipolar coupling between the phospho rus nuclei. The 90° pulse length was 2.2 ps and a rep etition time of 50 s has been used. The sample was spun at 12.5 kHz. Time proportional phase incremen tation (TPPI) with phase cycling has been applied to obtain pure absorption mode spectra [9] . The reso nance frequency was 121.5 MHz. 4, 16 and 32 scans per t x increment have been acquired for the spectra with 0 ms, 2.5 ms and 10 ms mixing time, respectively. 1000, 280, and 50 t, increments with 25 ps incremen tation time have been acquired for the three experi ments with the different mixing times.
One Dimensional Experiments
The 2D NMR experiments are quite time consum ing. Thus, for the investigation of the time dependence Figure 2 ). Due to the inequivalence of the two phosphorus sites, the 31P spectrum displays two separated lines. One of these lines can be inverted to create a non equilibrium start magnetization I zl -Iz2. To achieve this, we use the TIPSY sequence of Geen, Levitt, and Bodenhausen [19] . After the creation of the initial state and a suitably selected delay for the dephasing of unwanted transverse magnetization we irradiate the recoupling sequence during the mixing time tm. Under the influence of the reintroduced dipo lar coupling, the system equilibrates and </2l -/ z2> smoothly decays from its starting values. For long times tm the difference magnetization should vanish. After the irradiation of the recoupling sequence for a time tm we record the resulting magnetization (read out 90° pulse). By integrating the intensity of the two peaks, we get </zl>, </z2> and hence </2l -/ z2> as function of tm. The parameters for these 1 D experi ments are: spinning speed 8000 Hz, 90° pulse length 1.7 n sec, 180° pulse length 3.0 ji sec, the TOSS separa tions are those of the 6 pulse TOSS experiment [20] , the delay separating TOSS and trTOSS in TIPSY rx = 657 ji sec, dephasing delay rd = 10 msec. The sample was doped with 0.2% Fe3+ to allow for a relatively short repetition time of 10 sec.
Theoretical Modeling of the Magnetization Transfer
From a theoretical standpoint, we have to consider a system of two like spin-1/2 nuclei and I 2 which are subject to both the homonuclear dipolar coupling and anisotropic chemical shifts. Additionally, one ro tor synchronized 180° pulse per rotor period is irradi ated for the recoupling of the homonuclear dipole interaction as explained earlier. This has to be taken into account in order to calculate the magnetization transfer (longitudinal order Iz) from one nucleus (e.g.
I t o the other (I 2).
Neglecting the recoupling pulses, the theory is very similar to the treatment of rotational resonance [21] . The interaction Hamiltonian is
As a result of magic angle sample spinning, the inter action parameters co1,co2 (both represent the chemical shifts) and coD (dipolar coupling) become time-dependent, e.g.,
The explicit time dependence of these terms can be obtained by transforming the principal axis system (PAS) of both the chemical shift tensor and the dipolar tensor into the laboratory frame. This is done by suc cessive application of Euler rotations from the princi pal axis system to the molecular system (MF), the rotor system (RF) and finally to the laboratory frame (LF): " PAS -► MF (*ßy) RF (curf, ©",0) LF.
In the second transformation, the statistical orienta tion of the crystallites (a, ß, y) in a powder has to be included. The last transformation represents the me chanical rotation of the sample with angular fre quency cor about the magic angle 0 m. The explicit expressions for cox (t), co2 (0 and coD(t) can be found in the literature [21] . The Hamiltonian may be split into two parts
Only for an isolated two-spin system of spin-1/2 nuclei the Hamiltonians H for an ideal 180°-pulse with phase (p. The numerical evaluation of U2 is done by trans forming the problem into Liouville space. The zeroquantum coherences 12) <31 and 13) <21 are subject to relaxation, which may be incorporated by introducing a relaxation rate 1/T2 ZQ for these terms. The value of the parameter T2 ZQ is not easily obtained by experi ment and is a free parameter in our simulation. The time ordering in U2 can be avoided by splitting a rotor period into 50 small intervals where the Hamiltonian is assumed to be constant. The evaluation of the prop agator for such a small time interval (t, t -I-At),
is done by diagonalization of H 2 (t) in Liouville space. After each rotor period the magnetization exchange is calculated via
AMz(t) = Tr[e (t)(Iz l -I z2)].
This has to be done for every orientation (a, ß, y) for the molecular frame. The powder average is per formed by the random generation of several thousand orientations and subsequent addition of the magne tization exchange curves of all crystallites.
The procedure involves some complex algebra and was encoded in FORTRAN-77 and the IMSL numer ical subroutines were used for matrix operations. All of the simulations were done on a DEC/VAXStation 3200. One calculation for a single set of parame ters and 2000 different crystallite orientations takes about one hour.
The magnetization exchange curve depends on the following parameters:
1) The principal values of the chemical shift tensor, 2) the orientation of the chemical shift tensors with respect to the molecular frame, 3) the distance of the nuclei and thus the dipolar cou pling, 4) the orientation of the dipolar tensor in the molecu lar system, 5) The zero quantum relaxation time T2 ZQ, 6) The ß 0-field and 7) the spinning speed coT.
Magnesium pyrophosphate has two inequivalent phosphorus sites (Figure 3 ). It has already been exten sively studied by various methods [22, 23] and is there fore a suitable model compound to elucidate the na ture and parameter dependence of the magnetization exchange. It is, moreover, a classical two spin system which permits the easy comparison of experimental results with simulated data. The essential parameters are listed below in Table 1 .
Even in amorphous systems, principal tensor com ponents of the shift tensors can be obtained by various experimental methods. But tensor orientations and intermolecular distances are much more difficult to determine. Therefore, we focus on the influence of these parameters on the exchange curve. Figure 4 shows the difference magnetization </zl -/ z2> as a function of tm for various P-P interatomic distances. The other parameters were kept fixed and set to values that yield a good agreement with experimental data, if the correct interaction distance is chosen (vide infra). We find a strong dependence of the exchange rate on the interatomic distance d. For d = 1 nm, there is vir tually no exchange. Thus, the technique probes the local environment of the nucleus. The magnetization transfer should be restricted to the nearest and per haps to a considerably lesser degree to next nearest phosphorus neighbours. The efficiency of the magne tization exchange is also strongly dependent on the [22] . Due to the 1 /r3 dependence of the dipolar interaction the magnetization exchange is effective only for small distances.
tensor orientation ( Figure 5 ). Variations as small as 5° have an astonishing impact on the exchange rate. The best agreement with experiment is achieved, if the z-axes of the chemical shift tensors are oriented almost parallel to the P-O-bond (Fig. 6) , while the other parameters are set to the values given in the table. A zero quantum relaxation time of T2 ZQ = 3 msec is as sumed. This orientation is suggested by physical intu ition as well. The remaining deviations of experimen tal data and simulation results are due to experi mental uncertainties and the influence of remote nu clei, which disturb the two-spin system of a single pyrophosphate ion. For longer mixing times tm, longi tudinal relaxation must be taken into account.
Thus, reasonable agreement of experiment and sim ulation can be achieved for the simple model com pound Mg2P 20 7. As a matter of completeness it should be mentioned that the equivalent information on relative shielding tensor orientations and atomic distances for isolated spin pairs such as in Mg2P 20 7 may also be obtained by slow speed spinning. This approach has been described in detail in the literature [24] . In our view the sensitivity of the exchange curve to interatomic distances and tensor orientation can be used to elucidate the distance and tensor orientation distribution function of phosphate glasses as well.
Application of 2D NMR to a Na20 -P 20 5 glass
Recently the very first application of 2 D Exchange NMR for probing the connectivity scheme in phos phate glasses was presented [25] . Figure 7 shows the contour plots of the 2 D Ex change NMR spectra (centre band region) for three different mixing times (a) t = 0 ms, b) t = 2.5 ms and c) t = 10 ms. Most interesting is the important fact, that for zero mixing time (hence no magnetization transfer among the Q" units) an extremely narrow diagonal spectrum is found. This clearly demonstrates that the inhomogeneous line broadening is due to a distribu tion of the isotropic chemical shifts. The homoge neous broadening can be estimated from the perpen dicular width of the diagonal spectrum (ca. 1 ppm). Actually, it is governed by the maximum value which was "only" incremented up to 25 ms (1000 in crements!). An independent Carr-Purcell-MeiboomGill experiment [26] yielded a homogeneous line width of less than about 0.3 ppm. In other words, the homo geneous line broadening is negligible in such phos phate glasses under high-speed MAS conditions and the broadening is solely inhomogeneous. Hence, any Fig. 7 . Contour plots of the 2D Exchange NMR spectra (center band region only) for tra = 0ms (a), tm = 2.5 ms (b), and tm = 10 ms (c). The interpretation of the 2 D spectrum for ( = 2.5 ms implies connectivities among Q2 and Q3 units or vice versa, but direct linking between like units can almost be excluded. This conclusion is primarily based on the fact, that the diagonal is much narrower than the cross peaks (see also cross-sections in Figure 8 ). However, for longer mixing times (Fig. 7 c) the diagonal also broadens and the cross-section through the Q2 peak is equivalent to the projection (see also Fig. 8 and text) . The position of the cross sections for the Q2 (full line) and Q3 (dashed) groups is indicated. off-diagonal intensity in the 2 D spectrum due to mag netization exchange in the mixing period is a direct indication of connectivities in the amorphous net work. Because of the extremely small homogeneous line width, we explicitly note, that connectivities not only between different Q" groups can be detected, but also among like units, e.g. among Q2 or among Q3 which differ in their chemical shifts. This feature means detection of medium range order in a direct manner which is the main objective of our investiga tions. It requires purely absorptive 2D NMR data acquisition and data processing. For both non-zero mixing times ( Fig. 7 b and 7 c) considerable off-diagonal intensity is observed. The 2 D exchange NMR spectrum for tm = 2.5 ms is most interesting, since this is approximately the time neces sary for a magnetization transfer among adjacent P 0 4 units. The broad cross peaks confirm the linking of the Q2 and Q3 units in the glass. But even more important, the diagonal is still much narrower than the Q2-Q3 exchange peaks for this mixing time. For even longer mixing times (10 ms in Fig. 7 c) the diagonal is also broadened clearly proving the magnetization transfer both among like and different Q" units.
These experimental results can be discussed more conveniently in terms of the connectivity scheme of that glass using the various cross sections taken through the Q2 and Q3 peaks (Figure 8 ). The reason is that all the cross sections yield information on the connectivity whenever either cross peaks appear or linebroadening of the diagonal is observed. For zero mixing time, of course, very sharp cross sections are found for both the Q2 (Fig. 8 a) and Q3 (Fig. 8 b) units as described earlier. For 2.5 ms mixing time (which is approximately the time for a magnetization transfer between adjacent units), no exchange intensity is found within the Q3 unit region at about -40 ppm and only little in the Q2 area. This can be infered from the small but broad foot in the Q2 cross section in addition to the still narrow diagonal Q2 spectrum, as well as the Q2-Q3 cross peaks. On the other hand, for 10 ms mixing time, both a substantial increase of the cross-peak intensities and a broadening of the diago nal are detected in the Q2 and Q3 cross sections. In fact the cross-section through the Q2 peak is now almost equivalent to the projection of the entire 2 D spectrum and the 1 D spectrum [25] . This means that a complete magnetization exchange has already taken place after 10 ms. Hence, these two 2D Exchange NMR spectra with mixing times of 2.5 ms and 10 ms suggest an almost regular connectivity scheme with an alternat ing sequence of Q2 and Q3 units in this glass as sketched in Figure 2 . In addition this some of the Q2 units are also linked with like units but to a minor extent, which agrees with the glass composition. 
________
In summary, 2D homonuclear Exchange NMR can easily be applied to glasses for refined microstructural investigations exploiting the dipolar coupling between the nuclei. We propose it as a sensitive and unique method to study medium range order and even long range order in glasses in a direct fashion not requiring models or assumptions. For a detailed quantitative analysis of the exchange peaks in terms of the connec tivity scheme theoretical modelling is essential. We 6. Conclusion have presented here the first results on the way to wards a better understanding of the nature of amor phous solids.
